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We analyzed 50 rabies virus samples isolated in Brazil from 12 dogs, 11 cats, 5 vampire bats, 15 cattle, 2 horses, 1 pig,
1 sheep, and 3 humans to investigate the molecular epidemiology of rabies viruses. We sequenced 203 nucleotides on the
nucleoprotein gene by direct sequencing of the PCR-amplified products. All the isolates belonged to the genotype 1 and
homology of the 203 nucleotides was at least 83.7% among isolates. The main reservoirs were estimated based on the
homology of nucleotide sequences. Brazilian rabies virus isolates were clustered into two reservoir groups: dogs and
vampire bats. All the dog-related rabies virus isolates showed nucleotide homology greater than 99.0%. Vampire bat-related
rabies virus isolates showed nucleotide homology greater than 96.6% and could be further divided into subgroups
corresponding to areas where viruses were isolated. These data suggest that circulating rabies variants belong to at least
two different genotype clusters in Brazil and that these two clusters are maintained independently among vampire bats and
dogs. © 2001 Academic PressINTRODUCTION
Rabies is a serious disease and has continued to
menace many mammals in Latin American countries as
well as in other areas of the world. Dogs are the principal
host of the rabies in developing countries. On the other
hand, in Europe and North America, where dog vaccina-
tion programs are well established, rabies virus persists
predominantly in wildlife species: red foxes, mongooses,
raccoons, skunks, jackals, and bats (World Health Orga-
nization, 1992).
It was reported that main reservoirs of rabies virus in
Latin America were dogs and vampire bats (Desmodus
rotundus) (Diaz et al., 1994). The other investigators also
reported that dogs and vampire bats played a main role
in rabies transmission in Brazil (Schneider et al., 1996).
Vampire bats are distributed in most of the Latin Amer-
ican countries (Arellano-Sota, 1988a). There have been
human rabies outbreaks transmitted by bats (Lopez et
al., 1992; Schneider et al., 1996), and the number of
bat-transmitted human rabies cases has been increas-
ing (World Health Organization., 1992). Rabies transmit-
ted by the common vampire bats (D. rotundus) also kills
a large number of cattle every year (World Health Orga-
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214nization, 1992) and the economic loss is a big problem in
the cattle industry (Arellano-Sota, 1988b).
Outbreaks of rabies in cattle transmitted by dogs and
vampire bats have occurred in rural areas (Delpietro et
al., 1997). The geographic and temporal coincidence of
outbreaks of cattle rabies of respective origins is not
unusual in rural areas of Latin America (Diaz et al., 1994;
Delpietro et al., 1997). These circumstances make it
difficult to define the actual source of infection of human
and animal rabies cases and to discriminate the in-
traspecies and interspecies pathways of transmission
(Kissi et al., 1995; De Mattos et al., 1996, 1999). Molecular
analysis is a valuable tool to define the origins of out-
breaks.
Molecular epidemiologic investigations of rabies virus
in Latin America were conducted using isolates from
Venezuela, Mexico, Peru, and Chile (Kissi et al., 1995; De
Mattos et al., 1996, 1999, 2000; Smith et al., 1992; Warner
et al., 1999). The genomic characterization of rabies virus
in Brazil was done with two isolates. One isolate from a
vampire bat was related to the isolate from a dog in
French Guiana, and the other isolate from a dog was
related to those in Europe, Africa, Asia, and America
(Kissi et al., 1995; Arai et al., 1997; Ito et al., 1999). It is not
known, however, how the changes in vampire bat pop-
ulations lead to new outbreaks, how one outbreak is
related to others, or how a new virus variant appears in
these areas (De Mattos et al., 1999). In addition, consid-
ering the great number of bat species found in Brazil and
the number of other wild animals, the epidemiologic role
215GENETICS AND GEOGRAPHICS OF RABIES VIRUS ISOLATESand importance of these animals as reservoirs or vectors
of rabies transmission have not been clearly understood
(Delpietro et al., 1997).
The molecular characterization of rabies virus isolated
in extended areas facilitates the understanding of rabies
epidemiology, prevention, treatment, and laboratory tech-
niques of Latin America where rabies caused by vampire
bats are a big problem not only for livestock industry but
also for public health authorities. We, therefore, studied
molecular epidemiology of rabies virus variants isolated
in different regions of Brazil. We identified reservoirs of
rabies virus based on the results of nucleotide sequence
analysis.
RESULTS
Sequences of 203 nucleotides in the nucleoprotein
gene
Fifty field rabies virus isolates were obtained from 12
dogs, 11 cats, 5 vampire bats, 15 cattle, 2 horses, 1 pig,
1 sheep, and 3 humans in Brazil. These isolates were
confirmed to be rabies virus by fluorescence antibody
tests and mouse inoculation tests and were used in the
studies (Table 1).
A total of 203 nucleotides on the nucleoprotein (N)
gene were analyzed by direct sequencing (Fig. 1). The
homology of the sequences was at least 83.7% among 50
Brazilian rabies virus isolates. Based on the patterns of
nucleotide substitutions, the Brazilian rabies virus iso-
lates were divided into two groups. Group A included
isolates from 12 dogs, 11 cats, 1 cattle, 1 horse, 1 pig,
and 3 humans, and group B included those from 5 bats,
14 cattle, 1 horse, and 1 sheep. Thus, these viruses can
be related to the two reservoirs: dogs and vampire bats.
Group A consisted of dog-related rabies isolates, while
group B consisted of vampire bat-related rabies isolates.
There were a total of 29 nucleotide differences with
some exceptions between groups A and B at positions
11, 22, 34, 55, 64, 67, 68, 73, 80, 91, 94, 100, 103, 106, 109,
111, 112, 124, 128, 136, 148, 157, 160, 178, 181, 182, 187,
190, and 193 (Fig. 1). The deduced amino acid se-
quences are shown in Fig. 2. There were three amino
acid differences in the sequenced region between
groups A and B.
Phylogenetic analysis of Brazilian rabies virus
isolates
Phylogenetic analysis was performed to determine the
genetic relationship among rabies virus isolates based
on the nucleotide sequences of the N gene (Arai et al.,
1997). We compared the Brazilian isolates with those
available in the GenBank database. Rabies viruses were
divided into eight distinct clusters; I: USA; II: South Amer-
ica; III: Sri Lanka; IV: Thailand; V: Africa; VI: Rep. South
Africa; VII: Arctic; VIII: others (Europe, Middle East, Africa,and North and South America). Groups A and B were
included in clusters VIII and II, respectively (Fig. 3a).
Analysis of dog-related rabies virus isolates
The viruses in group A were closely associated with
the rvu22862 strain isolated from a dog in Brazil within
cluster VIII (Fig. 3a) (Arai et al., 1997). The rvu22862 strain
and those in group A were distinguished by seven nu-
cleotide changes at positions 37, 61, 82, 91, 105, 157, and
175 (Fig. 1).
The isolates in group A shared nucleotide homology
greater than 99.0%. These isolates formed a monophy-
letic group, although these were further divided into two
subgroups with one nucleotide substitution: A1 and A2.
The subgroup A1 contained nine strains isolated in the
state of Goia´s (BRdg1/2/7/8, BRct3/4/5/9, BRhm6), three
in the state of Sa˜o Paulo (BRdg12/13, BRct14), and two in
the state of Minas Gerais (BRdg10/11) (Table 1, Figs. 3b
and 4). The viruses in subgroup A1 showed 100% nucle-
otide homology, except for BRct3 with one nucleotide
substitution. The strain BRct3 was isolated in the city of
Goiaˆinia, which had a high population density and high
rabies mobility among humans and animals. Subgroup
A2 contained 15 strains isolated only in the state of
Goia´s (Table 1, Figs. 3b and 4). The viruses in subgroup
A2 showed 100% nucleotide homology. The deduced
amino acid sequences in the sequenced region of the N
protein were completely conserved among rabies virus
isolates in group A (Fig. 2).
Analysis of vampire bat-related rabies virus isolates
The isolates in group B were closely associated with
the rvu22479 strain isolated from a vampire bat in Brazil
and with rvu22478 strain isolated from a dog in French
Guiana within cluster II (Fig. 3a) (Ito et al., 1999; Arai et
al., 1997; Kissi et al., 1995). The rvu22479 and those in
group B were distinguished by seven nucleotide
changes at positions 22, 27, 34, 55, 73, 109, and 178 (Fig.
1).
The isolates shared nucleotide homology greater than
96.2% within group B. The isolates were further divided
into clusters. BRbv36–40, BRbv42–45, and Vmbt33 and 34
were included in the respective clusters. Each of the
clusters presented a high value in the bootstrap analysis
and showed high nucleotide homology of 99–100% (Fig.
3b). Viruses in these clusters were isolated in the re-
spective states: BRbv36–40 in Matto Grosso, BRbv42–45
in Tocantins, and Vmbt33 and 34 in Sa˜o Paulo. BRvmbt 46
and 47 and BRbv48 seem to be included in one cluster,
but did not show a high bootstrap value. The rest of the
isolates did not form any cluster (Figs. 3b and 4). There
were a total of seven amino acid substitutions in the
sequenced region of the N protein within group B (Figs.
2 and 3b).
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In the present study, we analyzed 203 nucleotides on
he N gene of 50 rabies virus isolates from 12 dogs, 11
ats, 5 vampire bats, 15 cattle, 2 horses, 1 pig, 1 sheep,
T
Origins of the 50 Rabies Vir
State City S
oia´s Aparecida Dog
oia´s Goiaˆnia Dog
oia´s Goiaˆnia Cat
oia´s Goiaˆnia Cat
oia´s Goiaˆnia Cat
oia´s Goiaˆnia Hum
oia´s Morrinhos Dog
oia´s Piracanjuba Dog
oia´s Piracanjuba Cat
inas Gerais Poc¸os de caldas Dog
inas Gerais Poc¸os de caldas Dog
a˜o Paulo Mogi Guac¸u Dog
a˜o Paulo Sa˜o Joa˜o da Boa Vista Dog
a˜o Paulo Sa˜o Joa˜o da Boa Vista Cat
oia´s Ana´polis Dog
oia´s Ana´polis Hum
oia´s Ana´polis Cat
oia´s Bela Vista Hor
oia´s Caldas Novas Dog
oia´s Caldas Novas Cat
oia´s Cocalzinho Cat
oia´s Goianira Cat
oia´s Goianira Hum
oia´s Goia´s Dog
oia´s Itaberaı´ Cat
oia´s Leopol do Buelho˜es Cat
oia´s Morrinhos Cat
oia´s Nova Aurora Pig
oia´s Taquaral Dog
oia´s Morrinhos Cat
oia´s Ipora´ Hor
a˜o Paulo Sa˜o Roque Cat
a˜o Paulo Taobate Vam
a˜o Paulo Pindamonhagaba Vam
a˜o Paulo Apiaı´ She
ocantins Nova Olinda Cat
ocantins Unknown Cat
ocantins Araguaxna Cat
ocantins Colinas Cat
ocantins Stafe´ Cat
nknown Unknown Vam
ato Grosso Alta Aragusis Cat
ato Grosso Alto Taquari Cat
ato Grosso Ca´ceres Cat
ato Grosso Ca´ceres Cat
nknown Unknown Vam
nknown Unknown Vam
nknown Unknown Cat
a˜o Paulo Piraju Cat
oia´s Corumbaı´ba Cat
a No information is available from a reliable source.nd 3 humans, in Brazil. We demonstrated that these
iruses were divided into two groups: dog-related and
(
(ampire bat-related rabies viruses. Epidemiologic data
uggest that these Brazilian rabies viruses were trans-
itted from either vampire bats or dogs. Rabies viruses
ere transmitted to 1 head of cattle (BRbv17), 1 horse
ates Analyzed in the Study
Year of isolation Identification number
1998 BRdg1
1999 BRdg2
1999 BRct3
1999 BRct4
1998 BRct5
1999 BRhm6
1999 BRdg7
1999 BRdg8
1998 BRct9
1987 BRdg10
1987 BRdg11
1989 BRdg12
1989 BRdg13
1989 BRct14
1999 BRdg15
1999 BRhm16
1998 BRbv17
1999 BRhr18
1999 BRdg19
1999 BRct20
1999 BRct21
1998 BRct22
1999 BRhm23
1999 BRdg24
1999 BRct25
1999 BRct26
1999 BRct27
1998 BRpg28
1999 BRdg29
1999 BRbv30
1998 BRhr31
1994 BRbv32
t Unknown a BRvmbt33
at 1998 BRvmbt34
1992 BRsp35
1998 BRbv36
1996 BRbv37
1999 BRbv38
1999 BRbv39
1999 BRbv40
at Unknown BRvmbt41
1999 BRbv42
1999 BRbv43
1999 BRbv44
1999 BRbv45
at Unknown BRvmbt46
at Unknown BRvmbt47
Unknown BRbv48
1989 BRbv49
1999 BRbv50ABLE 1
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218 ITO ET AL.1 sheep (BRsp35) from vampire bats (Table 1, Figs. 1, 3b,
and 4). Most of the livestock animals examined were
infected with vampire bat-related rabies virus, while a
FIG. 2. Alignments of the deduced amino acid sequences of the nu
iruses (rvu22479 and rvu22862) obtained from GenBank. The first four
ne from GenBank). The latter 15 alignments are the vampire bat-related
f animal was omitted. Parentheses indicate the number of isolates th
FIG. 3. (a) A phylogenetic tree based on the 203 nucleotides sequenc
into eight distinct clusters, I: USA; II: South America; III: Sri Lanka; IV
(Europe, Middle East, Africa, and North and South America). Two old
Brazilian rabies virus isolates are shown in the top left and bottom right boxes.
Results.few were infected with dog-related virus. It was reported
that outbreaks of rabies in cattle, transmitted by both
dogs and vampire bats, occurred simultaneously in rural
otein of the 50 Brazilian rabies virus isolates and two other Brazilian
ents are the dog-related isolates named group A (three from Brazil and
es named group B (14 from Brazil and 1 from GenBank). *Shorted name
wed 100% amino acid homology.
e positions 108–311 on the N gene. All rabies virus strains were divided
nd; V: Africa; VI: Republic of South Africa; VII: Arctic; and VIII: others
an isolates (rvu22862 and rvu22479) are boxed with dotted lines. (b)cleopr
alignmes in th
: Thaila
Brazili
The significance of the letter designations at the nodes is shown under
—Cont
219GENETICS AND GEOGRAPHICS OF RABIES VIRUS ISOLATESareas in Latin America (Delpietro et al., 1997). In the
present study we also found that infections by dog
(BRdg7, BRct27) and vampire bat-related (BRbv30) rabies
viruses occurred in the city of Morrinhos at a similar time
(Table 1). These facts suggest the need of the method for
identifying reservoirs in routine diagnosis. Molecular
FIG. 3analysis used in the present study has a significant value
in the circumstances where dog and vampire bat-relatedisolates coexist. The diagnostic methods commonly
used in Brazil, immunofluorescent antibody test and
mouse inoculation test, cannot identify the reservoirs.
The economic loss caused by vampire bat-transmitted
rabies is a big problem in Brazil. One of the most effec-
tive means to control rabies in herbivores is routine
inuedpreexposure vaccination (Oliveira et al., 2000). There
was, however, a vaccine failure against Brazilian wild
d
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220 ITO ET AL.rabies viruses (Zanetti et al., 1998). There is a significant
ifference in the levels of protection against lethal chal-
enge, depending on the vaccine strains and challenge
iruses. When suckling mouse brain vaccine was used,
mmunization protected 100% of mice against vaccine
train (CVS), but only 15–20% of mice were protected
gainst strains isolated from bovines (Hayashi et al.,
1984). The human rabies vaccine currently used in Brazil
is produced from brains of suckling mice infected with
either the CVS or the PV rabies virus strain (Zanetti et al.,
1998). The vaccine used for pre- or postexposure pro-
phylaxis of humans and animals may not induce protec-
tion against all the wild rabies strains. Considering these
reports, the difference in nucleotide sequences between
dog-related and vampire bat-related rabies viruses
should add significant information to the future vaccine
strategy. Further investigations on rabies virus antigenic
variants should be made to develop strategies for selec-
tion of the suitable vaccine strains.
Isolates in the same geographic area tend to make a
cluster. This is probably due to the ecology of vampire
bats. Indeed, vampire bats make colonies, and the area
of their activity is usually within 10–20 km2. The vampire
ats are not mixed with other species of bats and remain
lustered in the niche, maintaining close contact with
ther individuals in the colony (Arellano-Sota, 1988a).
rellano-Sota (1988a) demonstrated that more than 90%
FIG. 4. Geographic distributions of the dog-related and vampire bat-
had no history of isolated location. Symbols indicate geographic locati
dog-related cases. Closed symbols indicate the isolates from vampire-r
case had no record about the prefecture.f the vampire bats captured in different regions of Mex-
co fed on domestic livestock. We assume that the vi-uses are maintained between vampire bats and live-
tock animals, and the genetic variation may reflect
hese interactions in various areas. The unique ecology
f vampire bats is reflected in the result that rabies virus
solates from 14 cattle, 1 horse, 1 sheep, and 5 vampire
ats could be further divided into small clusters, depend-
ng on the isolated areas (Fig. 4). Thus, the rabies viruses
aintained by vampire bats may be somewhat variable
n the various geographic locations. Interestingly, vam-
ire bat-related rabies virus isolates in Brazil had no
iscernible linkage to those associated with dogs any-
here in the world, but formed one group with one
solate in French Guiana (Ito et al., 1999; Arai et al., 1997;
issi et al., 1995). De Mattos et al. (1996) reported that
Venezuelan vampire bat-associated isolates were
closely related to those from vampire bat-associated
cases in other Latin American countries. Warner et al.
(1999) analyzed an isolate from a human in Peru and
reported that the sequence was similar to those isolated
from vampire bats in Argentina, Brazil, and Venezuela.
These results suggest that bat-related rabies viruses
circulate independently in South America. Vampire bats
are present only in Latin America, and fossil evidence
indicates that vampire bats have been in the Americas
since the Pleistocene period, approximately 2.5 million
years ago (Arellano-Sota, 1988a). Rabies virus may have
been maintained among vampire bats in the Americas
cases analyzed in the present study except for the four cases which
ere each exposure occurred. Open symbols indicate the isolates from
ases. Dotted lines indicate a main highway in the state of Goia´s. *Thisrelated
ons whfor a long time.
The study also included nonlivestock animals, 12 dogs
221GENETICS AND GEOGRAPHICS OF RABIES VIRUS ISOLATES(BRdg1, 2, 7, 8, 10–13, 15, 19, 24, 29), 11 cats (BRct3–5, 9,
14, 20–22, 25–27), and 3 humans (BRhm6, 16, 23). The
results indicate that the viruses were transmitted to
these nonlivestock animals and humans from dogs. Dog-
related rabies virus isolates showed high nucleotide
homology, although they could be further divided into
subgroups A1 and A2. This suggests that dog-related
rabies viruses spread widely in Brazil with high nucleo-
tide homology. Although rabies viruses isolated in the
city of Morrinhos (BRdg7, BRct27) were included in both
subgroups A1 and A2 (Table 1, Figs. 3b and 4), it is of
interest to note that the viruses in group A1 were isolated
in the areas along a highway, while those in group A2
were isolated in the countryside (Fig. 4).The viruses in
group A1 showed 100% nucleotide homology, except for
one isolated in the state of Goia´s with one nucleotide
substitution. This virus was isolated in the city of
Goiaˆinia, which has a high population density and high
rabies mobility in humans and animals. These circum-
stances may favor the introduction and movement of
animals that contribute to the dispersion of rabies virus
variants. Rabies viruses in subtype A1 were isolated in
three states: Goia´s, Sa˜o Paulo, and Minas Gerais. The
dog-related rabies virus isolates in Brazil were associ-
ated with those included in cluster VII (Europe, Middle
East, North and South America, and Africa) (Fig. 3a). This
result may support the idea that the dog rabies in Brazil
is one of the cultural legacies of European colonization
(Kissi et al., 1995; Smith et al., 1992).
Our results are consistent with the study that used
monoclonal antibodies of rabies viruses maintained
among vampire bats and dogs in Brazil (Diaz et al., 1994).
The present study also demonstrates that the molecular
analysis of 203 nucleotides on the N gene is a useful and
practical method for determining the reservoirs, as well
as for rabies diagnosis.
MATERIALS AND METHODS
Isolation of rabies virus
We used 50 Brazilian street rabies viruses isolated
from 12 dogs, 11 cats, 5 vampire bats, 15 cattle, 2 horses,
1 pig, 1 sheep, and 3 humans at different regions of
Brazil from 1987 to 1999. There were 90 samples isolated
from dogs and 12 samples were selected for analysis.
The summary of the viruses used is shown in Table 1.
Brain specimens from rabid dogs, cats, cattle, horses,
pig, and humans were used in 1998 and 1999. The
viruses were isolated from dogs, cats, cattle, sheep, and
all vampire bats by mouse-brain passages from 1987 to
1996. All the brain samples were obtained from sus-
pected rabid cases in the field and sent to the laboratory
for confirmation from several areas of Brazil. The host
species, the date of collection, and geographic informa-
tion were registered for each case. All the isolates were
determined to be rabies viruses by immunofluorescentantibody test and mouse inoculation test at the Labora-
tory of Virus Zootechny, University of Sa˜o Paulo, Brazil.
RNAs were extracted and transformed to either cDNA or
PCR products in Brazil and were transported to Japan for
further analysis.
Reverse transcription and polymerase chain reaction
Total rabies RNA was extracted from original host
brain or mouse brain emulsions with a commercial re-
agent kit (QIAamp Viral RNA Mini Kit, Qiagen K. K., Japan)
in Brazil, according to the manufacturer’s instructions.
RT-PCR was performed in a single tube as previously
reported (Arai et al., 1997). A set of RT-PCR primers,
sense primer, 59-CTACAATGGATGCCGAC-39, at posi-
tions 66–82 and antisense primer 59-TGGGGTGATCTT(A/
G)TCTCCTTT-39, at positions 365–385 were used for RT-
PCR. These primers correspond to two regions of con-
stant sequences, both of which flank most variable
sequences of the N gene (203 bp) (Arai et al., 1997). The
sequence data obtained using these primers were in
accordance with those in the report by Kissi et al. (1995)
in which the complete N gene region of 54 virus strains
was analyzed. One microliter of RNA was used for RT-
PCR with Super Script One-Step RT-PCR System (Life
Technologies, GIBCO BRL), according to the manufactur-
er’s instructions. The mixtures were incubated at 50°C
for 60 min and then subjected to 40 cycles of PCR at
94°C for 30 s, at 50°C for 20 s, and at 68°C for 2 min, in
a DNA thermal cycler (GeneAmp PCR System 9700, Ap-
plied Biosystems, Perkin–Elmer Corp., Japan). The am-
plified products were electrophoresed in 2% agarose
gels and stained with ethidium bromide. Single-step RT-
PCR products with the expected molecular size were
amplified from all the isolates.
Direct sequencing
RT-PCR products were purified using a commercial kit
(QIAquick PCR Purification Kit, Qiagen K. K.). The primer,
which was used for RT-PCR amplification, was also used
for direct sequencing. The sequences of the purified
DNA products were determined with an automated se-
quencer (ABI Prism 310 Genetic Analyzer, Applied Bio-
systems, Perkin–Elmer Corp.) using PRISM Ready Reac-
tion Dyedeoxy Terminator Cycle Sequencing Kit (Applied
Biosystems, Perkin–Elmer Corp.).
Phylogenetic analysis
The sequences of a total of 203 bp corresponding to
nucleotides 108–311 on the N gene determined in this
study and those from GenBank database were used for
analyses. A phylogenetic analysis was performed by the
neighbor-joining method using the Clustal X program
(Thompson et al., 1997). The bootstrap probabilities of
each node were calculated using 100 replicates. Boot-
strap values greater than 70% were regarded as evi-
DD
D
D
222 ITO ET AL.dence for phylogenetic grouping (Hillis and Bull, 1993).
The program TREEVIEW was used to obtain the graphic
output (Page, 1996).
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